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Abstract: We report an innovative supramolecular archi-
tecture for bienzymatic glucose biosensing based on the
non-covalently functionalization of multi-walled carbon
nanotubes (MWCNTs) with two proteins, glucose oxidase
(GOx) (to recognize glucose) and avidin (to allow the
specific anchoring of biotinylated horseradish peroxidase
(b-HRP)). The optimum functionalization was obtained
by sonicating for 10 min 0.50 mgmL  1 MWCNTs in a
solution of 2.00 mgmL  1 GOx+1.00 mgmL  1avidin pre-
pared in 50 :50 v/v ethanol/water. The sensitivity to
glucose for glassy carbon electrodes (GCE) modified with
MWCNTs-GOx-avidin dispersion and b-HRP (GCE/
MWCNTs-GOx-avidin/b-HRP), obtained from ampero-
metric experiments performed at   0.100 V in the pres-
ence of 5.0×10  4 M hydroquinone, was (4.8�
0.3) μAmM  1 (r2=0.9986) and the detection limit was
1.2 μM. The reproducibility for 5 electrodes using the
same MWCNTs/GOx-avidin dispersion was 4.0%, while
the reproducibility for 3 different dispersions and 9
electrodes was 6.0%. The GCE/MWCNT-GOx-avidin/b-
HRP was successfully used for the quantification of
glucose in a pharmaceutical product and milk.
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1 Introduction
In the last years, carbon nanomaterials have played a
crucial role in the development of electrochemical (bio)
sensors [1–4]. In particular, carbon nanotubes (CNTs)
have demonstrated to be extremely useful due to their
oustanding properties [5–9]. As a consequence of the
strong interaction between tubes, the incorporation of
CNTs in electrochemical transducers to obtain CNTs-
based electrochemical (bio)sensors has been one of the
major challenges. Different schemes to functionalize these
nanostructures have been proposed [10–14]; among them,
one interesting strategy has been the exfoliation of CNTs
with biomolecules that not only disaggregate the nano-
structures but also give to them particular properties that
depends on the nature of the biomolecule [15–20]. We
reported the non-covalent functionalization of MWCNTs
with glucose oxidase (GOx) and the successful ampero-
metric quantification of glucose using a glassy carbon
electrode (GCE) modified with MWCNTs-GOx [17].
Recently, we proposed the use of avidin for the non-
covalent functionalization of MWCNTs and the develop-
ment of a multifunctional analytical platform (GCE/
MWCNTs-avidin) with application for the quantification
of hydrogen peroxide using biotinylated horseradish
peroxidase (b-HRP) [20].
In this work, we are reporting a new strategy for the
preparation of a bienzymatic glucose biosensor through
the non-covalent functionalization of MWCNTs with
GOx and avidin and further bioaffinity interaction with b-
HRP. Bienzymatic amperometric biosensors coupling
HRP and GOx have been used as an interesting option
for the quantification of glucose [21]. In this configura-
tion, glucose is converted into gluconolactone by GOx
while oxygen is reduced to hydrogen peroxide, which, in
turn, is reduced to water by HRP. The detection of
glucose is made either from the direct electron transfer of
the prosthetic group of HRP or from the electroreduction
of the oxidized form of a given HRP-redox mediator.
In the last years, several works have demonstrated the
advantages of bienzymatic electrochemical glucose bio-
sensors. Yang et al. [22] reported the submicromolar
glucose biosensing by using a gold electrode modified
with silver nanocubes (AgNCs) dispersed in chitosan, and
HRP and GOx coimmobilized in chitosan, where AgNCs
worked as electron transfer mediator. Rama et al. [23]
designed a portable amperometric glucose biosensor using
carbon-ink coated stainless-steel pins modified with GOx
and HRP and ferrocyanide as electron transfer mediator.
Xiang et al. [24] proposed a micromolar bienzymatic
detection of glucose through the direct electron transfer
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of cytochrome c (cyt c) on gold nanoparticles/poly(ani-
line) nanospheres composite. Eguílaz et al. [25] described
a glucose biosensor prepared by modification of GCE
with MWCNTs dispersed in cyt c and casted with GOx
using hydroquinone as redox mediator. Caro-Jara et al.
[26] reported an amperometric bienzymatic biosensor
based on GOx and HRP immobilized on mesoporous
silica with hexagonal symmetry (MCM-41) using Nafion
as co-immobilizing reagent and catechol as redox media-
tor. He et al. [27] proposed the use of HRP biosynthesized
graphene with adjustable porous size as platform for the
biocatalytic deposition of gold nanoparticles with nano-
molar detection of glucose due to the synergistic effect of
the porous graphene and gold nanoparticles. Amor-
Gutiérrez et al. [28] described the use of a paper-based
platform with carbon ink, GOx, HRP and potassium
ferrocyanide adsorbed on the surface. A very sensitive
biosensor based on the simultaneous entrapment of GOx
and HRP during the HRP-catalyzed polymerization of
noradrenaline in the presence of hydrogen peroxide was
described by Liu et al. [29]. Wang et al. [30] proposed a
bienzymatic sensor prepared with reduced graphene oxide
as platform to immobilize HRP, GOx and the redox
mediator poly(toluidine)blue.
We are reporting here a new avenue for the design of
a bienzymatic glucose biosensor based on the use of a
MWCNTs-GOx-avidin nanobiocomposite that allows effi-
cient glucose biocatalytic oxidation, selective anchoring of
HRP and effective electron transfer chain. In the follow-
ing sections we present the optimization of the exper-
imental conditions to prepare GCE/MWCNTs-GOx-avi-
din/b-HRP and the analytical performance of the




Glucose oxidase (GOx) (type X-S, Aspergillus niger (EC
1.1.3.4), 50.000 U/g of solid, Catalog number G-7141),
ascorbic acid (AA) and hydroquinone (HQ) were pur-
chased from Sigma. Avidin (Product Number 43-4401)
from egg and biotinylated horseradish peroxidase (b-
HRP) were obtained from Life Technology Invitrogen
(USA). Multi-walled carbon nanotubes powder
(MWCNT, diameter (30�15) nm, length 1–5 μm) was
obtained from NanoLab (USA). Other chemicals were
reagent grade and used without further purification. The
supporting electrolyte was 0.100 M phosphate buffer
solution pH 7.40. Ultrapure water (ρ=18 MΩ.cm) from a
Millipore-MilliQ system was used for preparing all the
solutions.
2.2 Apparatus and Procedure
Electrochemical experiments were performed with a
TEQ_4 potentiostat. A platinum wire and Ag/AgCl, 3 M
NaCl (BAS) were used as counter and reference electro-
des, respectively. All potentials are referred to the latter.
A glassy carbon electrode (GCE) modified with
MWCNTs-GOx-avidin dispersion was used as working
electrode. A magnetic stirrer (BASi Cell stand) set at
800 rpm and a stirring bar provided the convective trans-
port during the amperometric measurements which were
performed in a 0.100 M phosphate buffer pH 7.40 at
  0.100 V containing 5.0×10  4 M HQ. All measurements
were carried out at room temperature.
2.3 Preparation of GCE Modified with
MWCNTs-GOx-avidin Dispersion
2.3.1 Preparation of MWCNT-GOx-avidin dispersion
It was obtained by mixing 0.50 mg MWCNTs with 1.0 mL
of 1.0 mgmL  1avidin+2.0 mgmL  1 GOx solution (pre-
pared in 50 :50 v/v ethanol/water) followed by sonication
for 10 min with ultrasonic bath.
2.3.2 Modification of GCE with MWCNT-GOx-avidin
(GCE/MWCNT-GOx-avidin)
GCEs were first polished with alumina slurries of 1.0,
0.30, and 0.05 μm for 2 min each. After that, they were
modified by dropping 20 μL of the MWCNT-avidin-GOx
dispersion on the top of the surface followed by the
evaporation of the solvent at room temperature.
2.3.3 Immobilization of b-HRP at
GCE/MWCNT-GOx-avidin
(GCE/MWCNTs-GOx-avidin/b-HRP)
GCE/MWCNTs-GOx-avidin was modified with b-HRP
by dipping it in a 1.00 mgmL  1 b-HRP solution (prepared
in 0.100 M phosphate buffer pH 7.40) for 30 min at room
temperature. Phosphate buffer solution with 0.010%
Tween-20 was used as washing buffer after interaction
with b-HRP to remove the unspecific binding. Figure 1
shows the different steps during the preparation of the
bienzymatic biosensor.
3 Results and Discussion
3.1 Direct Electrochemistry of GOx
We evaluate the direct electron transfer of the GOx that
supports the MWCNTs at GCE modified with MWCNTs-
Gox-avidin. Figure 2A shows the potentiodynamic pro-
files for GCE/MWCNT-GOx-avidin in a deoxygenated
0.100 M phosphate buffer solution pH 7.40 at 0.100 Vs  1.
There is a typical pair of redox peaks due to the reduction
of flavin adenine dinucleotide (FAD) (Epc=   0.522 V and
ip,c=26.1 μA) and the corresponding reoxidation (Ep,a=
  0.448 V and ip,a=24.5 μA) with a formal potential of
  0.485 V. The amount of electroactive enzyme at the
electrode surface (Γ), obtained from the charge of the
Full Paper
www.electroanalysis.wiley-vch.de © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2019, 31, 1–8 2
These are not the final page numbers! ��
cathodic peak (Q) according to Q=nFAΓ (n=2), was
3.3×10  10 molcm  2. The charge transfer rate constant (ks),
calculated from the peak potential separation according
to the Laviron model [31,32], was (1.7�0.2) s  1 (consider-
ing a scan rate of 0.050 Vs  1 and a charge transfer
coefficient of 0.5). These values are in agreement with
previous works reported in the literature [17], indicating
that the presence of avidin does not prevent an efficient
electron transfer between the FAD center of GOx and
the electrode.
Figure 2B displays cyclic voltammograms for
MWCNTS-Gox-avidin in N2-saturated 0.100 M phosphate
buffer solution pH 7.40 containing 5.0×10  4 M ferrocene
methanol and different concentrations of glucose: 0.00
(a), 100 (b) and 200 (c) mM. In the absence of glucose (a),
the cyclic voltammogram shows the quasi-reversible peaks
system due to the redox behavior of ferrocene methanol.
In the presence of glucose, the anodic peak currents
drastically increase whereas the cathodic ones decrease as
a consequence of the biocatalytic activity of the GOx that
supports the MWCNTs. This biocatalytic response indi-
cates that GOx remains active after sonication in ethanol/
water and non-covalent interaction with MWCNTs in the
presence of avidin.
3.2 Optimization of the Experimental Conditions for the
Preparation of GCE/MWCNTs-GOx-avidin/b-HRP
Biosensor
The effect of the sonication time during the preparation
of the dispersion on the amperometric response to hydro-
gen peroxide at   0.100 V was comparatively evaluated
for GCE modified with MWCNTs-avidin and MWCNTs-
GOx-avidin dispersions. The sensitivity to hydrogen
peroxide for GCE/MWCNTs-avidin was enhanced around
30% when the sonication time increased from 10 to
20 min dispersion. At variance with this behavior, in the
case of GCE modified with MWCNTs-GOx-avidin pre-
pared by sonicating 10, 15 and 20 min, the sensitivities
showed almost no changes ((2.60�0.07) μAmM  1, (2.6�
0.1) μAmM  1 and (2.41�0.04) μAmM  1, for 10, 15 and
20 min, respectively), and were very similar to the one
obtained for MWCNTs-avidin after 20 min sonication.
These results demonstrate that the incorporation of GOx
in the dispersion makes more favorable the disaggregation
of the carbon nanostructures, evidencing, in this way, the
double role of GOx as exfoliating agent of MWCNTs and
biorecognition element for further glucose biosensing.
Therefore, the selected sonication time was 10 min.
In order to evaluate not only the exfoliation of the
nanostructures but also the biocatalytic activity of the
resulting nanobiocomposite, we investigate the effect of
Fig. 1. Scheme of the different steps for the preparation of the bienzymatic glucose biosensor (GCE/MWCNTs-GOx-avidin/b-HRP).
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GOx concentration for dispersing 0.50 mgmL  1 MWCNTs
in the presence of 1.00 mgmL  1 avidin after 10 min
sonication from the amperometric response to glucose. As
Figure 3 shows, the sensitivity to glucose increases with
the amount of GOx up to 2.00 mgmL  1. For higher GOx
concentrations, the sensitivity decreases due to the block-
age of the electrode surface by the non-conductive
protein. Therefore, the selected GOx concentration was
2.0 mgmL  1 as the best compromise between linear range,
reproducibility and sensitivity.
The influence of b-HRP concentration (from 0.50 to
2.00 mgmL  1) used for the construction of GCE/
MWCNT-avidin-GOx/b-HRP was also investigated from
the amperometric response to glucose (results not shown).
The sensitivity to glucose increases with b-HRP concen-
tration up to 1.0 mgmL  1, to decrease thereafter due to
the increment of a non-conductive protein at the
electrode surface. Therefore, 1.0 mgmL  1 b-HRP was
selected to obtain the bienzymatic glucose biosensor.
The concentration of HQ is an important parameter
when selecting the optimal conditions for the amperomet-
ric transduction of the glucose biorecognition event since
the base-line of the current-time profiles is related to the
concentration of the redox mediator. Table 1 displays the
effect of HQ concentration on the sensitivity of GCE/
MWCNTs-GOx-avidin/b-HRP to glucose at   0.100 V.
The sensitivity increases when the concentration of HQ
increases from 1.0×10  4 M to 5.0×10  4 M to level off
thereafter. Therefore, considering that the concentration
of the redox mediator has to be high enough to improve
the sensitivity, but not too high to avoid high values of
base-line currents, we selected 5.0×10  4 M as the best
compromise between sensitivity, reproducibility and base-
line current.
Fig. 2. (A). Cyclic voltamogram obtained at GCE modified with
MWCNTS-GOx-avidin in a 0.050 M phosphate buffer solution
pH 7.40. Scan rate: 0.100 Vs  1. Conditions for the preparation of
the dispersion: 0.50 mgmL  1 MWCNTs in 1.0 mgmL  1avidin and
2.0 mgmL  1 GOx prepared in 50/50 v/v, ethanol/water sonicated
for 10 min. (B) Cyclic voltammograms for 5.0×10  4 M ferrocene
methanol in a deoxygenated 0.100 M phosphate buffer solution
pH 7.40 obtained at GCE/MWCNTs-GOx-avidin after the addi-
tion of different concentrations of glucose: 0 (a), 100 (b), and 200
(c) mM. Scan rate: 0.005 Vs  1.
Fig. 3. Sensitivities to glucose obtained from amperometric re-
cordings at GCE modified with MWCNTs-GOx-avidin/b-HRP
prepared with different concentrations of GOx. Working poten-
tial:   0.100 V. Hydroquinone: 5.0×10  4 mM. Supporting electro-
lyte: 0.100 M phosphate buffer solution pH 7.40. b-HRP immobi-
lization: 30 min interaction of GCE/MWCNTs-GOx-avidin with
1.0 mgmL  1 b-HRP solution.
Table 1. displays the effect of hydroquinone concentration on the
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3.3 Analytical Performance of the Biosensor
Figure 4A displays the amperometric recording obtained
at GCE/MWCNTs-GOx-avidin/b-HRP at   0.100 V in the
presence of 5.0×10  4 M HQ for successive additions of
glucose. A well-defined and fast amperometric response,
due to the reduction of the quinone produced during
HRP regeneration, is obtained after the addition of
micromolar levels of glucose. Figure 4B depicts the
corresponding calibration plot obtained for successive
additions of 25 μM glucose at GCE/MWCNTs-GOx-
avidin/b-HRP. There is a linear relationship between the
analytical signal and glucose concentration between 25
and 750 μM, with a sensitivity of (4.8�0.3) μAmM  1 and
a detection limit of 1.2 μM (obtained as 3 x standard
deviation of the blank signal/sensitivity). It is important to
mention that the sensitivity obtained from amperometric
experiments using GCE/MWCNTs-GOx/b-HRP was
(1.1�0.2) μAmM  1, that is, almost 4.5 times lower than
the sensitivity reached with GCE/MWCNTs-GOx-avidin/
b-HRP. These results demonstrate once more that avidin
maintains the biorecognition properties even after the
drastic treatment during the preparation of the dispersion
and that b-HRP is specifically-anchored at the proposed
nanoarchitecture. Similar amperometric experiments at
  0.100 V performed with GCE/MWCNTs-GOx and
GCE/MWCNTs-GOx-avidin gave a negligible response
(not shown).
Table 2 summarizes the analytical characteristics of
the most representative bienzymatic glucose biosensors
reported in the last years. Our biosensor showed detection
limits lower than most of the electrochemical biosensors
reported in the table, with exception of [22,27,29]. The
biosensors reported in [22] (GOx-HRP/AgNCs-CS/Au)
and [29] (PNA-HRP-GOx/Pt) present the advantage of
being platforms where the enzymes and the redox
mediator are integrated at the electrode surface. The
synergism of the two nanomaterials present in the
biosensor reported in ref. [27] (AuNPs and porous
graphene) is the responsible for the improved detection
limits, although the platform presents the disadvantage
that the process to obtain the porous graphene is time
consuming. No practical applications in real samples were
reported for this bioelectrode. Regarding the non-electro-
chemical biosensors, some of them present lower detec-
tion limits than our biosensor, although in several cases
the redox mediator is a highly toxic compound. There are
two sensors [37,39] that are not bienzymatic biosensors
because they involved only one enzyme [39] or no
enzymes at all [37]. However, they were included in this
comparative table because they are interesting examples
of enzyme-mimetic based-sensors. Quiao et al. [37] pro-
posed the use of nanostructures with peroxidase and GOx
like activity, with very good performance, although no
real samples were evaluated. The approach described in
ref. [39] represents a very innovative strategy and used
GOx and a nanozyme with peroxidase-like activity (CuS).
The reproducibility for 5 biosensors prepared with the
same MWCNTs-avidin-GOx dispersion was 4.0% while
the reproducibility for 3 dispersions using 9 biosensors
was 6.0%. Figure SI-1 depicts amperometric recordings
obtained after the addition of 2.5×10  4 M glucose fol-
lowed by the addition of different sugars: galactose,
lactose, maltose and fructose (all of them 2.5×10  4 M).
No interference was observed in any case. Considering
that the concentration of ascorbic acid depends on the
sample under investigation, we evaluate the interference
of two ascorbic acid concentrations, 7.5×10  6 M and 1.5×
10  5 M, in the presence of 7.5×10  4 glucose. The corre-
sponding interference percentages were 6.7% and 8.3%,
respectively. The biosensor was challenged with two real
samples: a nasal spray “Allennys”, which contains glucose
as an excipient, and milk (La Serenísima). The concen-
tration of glucose in the nasal spray, obtained after 8
determinations, was (2.7�0.1) mg/dose indicating an
Fig. 4. (A) Amperometric recording obtained at GCE/MWCNTs-
GOx-avidin/b-HRP for successive additions of glucose: a) 50 μM,
b) 100 μM and c) 250 μM. (B) Calibration plot obtained from
experiments like the one shown in (A) using different glucose
concentration. Other conditions: as in Figure 3. The average
currents were obtained using 5 biosensors prepared with the
same MWCNTs-GOx-avidin dispersion.
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excellent correlation with the value reported by the
laboratory (2.75 mg/dose). The glucose concentration in
milk, obtained as average of 7 determinations, was (2.1�
0.1) gmL  1, results that present an error of 10.6%
compared to the value reported by the company
(1.9 gmL  1).
4 Conclusions
In summary, we proposed an innovative supramolecular
nanoarchitecture based on the use of a nanobiocomposite
integrated by MWCNTs non-covalently functionalized
with GOx and avidin, proteins that not only exfoliate the
CNTs but also give to them biorecognition properties for
the biocatalytic oxidation of glucose (through GOx) and
bioaffinity interaction with b-HRP (through avidin), even
despite the drastic conditions to prepare the dispersion.
The platform made possible the efficient and competitive
bi-enzymatic glucose biosensing through the intimate
contact of MWCNTs with GOx and HRP that allows an
efficient glucose and hydrogen peroxide biorecognition,
and ensures the fast charge transfer of the redox
mediator. The proposed platform demonstrated once
more the advantages of the rational selection of the
functionalizing agent and the importance of using bio-
molecules to exfoliate and support the CNTs in electro-
chemical biosensors.
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